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canonical BIR in sgs1-FD mutants. We hypothesize that Srs2p may act redundantly with Sgs1p protein in
the process of loading Rad51p onto a ssDNA overhang for homology search since Srs2p shares some of
the same functions as Sgs1p.

Degree Type
Open Access Senior Honors Thesis

Department
Biology

First Advisor
Anne Casper

Second Advisor
Aaron Liepman

Third Advisor
Marianne Laporte

Subject Categories
Biology

This open access senior honors thesis is available at DigitalCommons@EMU: https://commons.emich.edu/honors/
681

i

MUTATION IN SGS1 DOES NOT INCREASE THE PREVALENCE OF
MMBIR BUT CAUSES A REDUCTION IN THE PROPORTION OF
GENE CONVERSIONS
By Joseph Oberlitner
A Senior Thesis Submitted to the
Eastern Michigan University Honors College
in Partial Fulfillment of the Requirements for Graduation
with Honors in Biology
Approved at Ypsilanti, Michigan, on this date _______________________
_____________Anne Casper___________
Supervising Instructor

Date:____April 23, 2020______

_____________Aaron Liepman_________
Honors Advisor

Date:___April 23, 2020_______

__________Marianne Laporte__________
Department Head

Date:___April 24, 2020_______

Date:___April 24, 2020________
Honors Dean

ii

Table of Contents
Pages
Cover page………………………………………………………………………………………………………………………i
Table of Contents………………………………………………………………………………………………………..ii-iii
Abstract………………………………………………………………………………………………………………………….1
Introduction…………………………………………………………………………………………………………………...2
DNA damage………………………………………………………………………………………………………..2
Common fragile sites and their repair………………………………………………………………..2-3
Repair of fragile sites in yeast……………………………………………………………………………4-5
The canonical break-induced replication (BIR) repair pathway…………………………..5-7
Microhomology-mediated break-induced replication (mmBIR)…………………………..7-9
Current study………………………………………………………………………………………………….9-10
Phenotype of mutant sgs1-F1192D…………………………………………………………………10-12
Research question……………………………………………………………………………………………...13
Hypothesis and predictions…………………………………………………………………………...13-14
Materials and Methods………………………………………………………………………………………………….15
Explanation of “S” and “Y” haploids………………………………………………………………..15-18
Creation of yeast diploids………………………………………………………………………………19-20
Collection of LOH events………………………………………………………………………………..20-23
Analysis of LOH by checking zygosity of SNPs………………………………………………...23-26
CHEF gel and Southern blotting for chromosome size…………………………………….26-28
Whole genome sequencing…………………………………………………………………………….29-30
Sanger sequencing over repair junctions………………………………………………………..30-34

iii

Table of Contents
Pages
Results…………………………………………………………………………………………………………………………35
Analysis of sectored colonies by SNP testing – repair ratios…………………………….35-40
Analysis of sectored colonies by SNP testing – frequencies……………………………..41-46
Narrowing of the location of repair events and analysis of BIR events to see if
mmBIR is present………………………………………………………………………………………….46-55
Presence of LOH events on other chromosomes……………………………………………..55-56
Discussion…………………………………………………………………………………………………………………….57
Reduction of gene conversions and trend of crossover events in repair ratios…57-58
Concerns regarding higher frequency of LOH events in sgs1-FD mutant cells…..58-59
No detectable increase of mmBIR in sgs1-FD mutant cells……………………………………59
Potential of other fragile sites in the genome of S and Y strains……………………….59-60
Future direction – Rad51 knockout and inhibitors……………………………………………….61
Future direction – other mutants…………………………………………………………………...61-62
Literature cited………………………………………………………………………………………………………..63-65
Appendix………………………………………………………………………………………………………………………..A
Supplemental figures chromosome III repair of D4 (SC2724)……………………………..A-C
Supplemental figures chromosome III repair of D5 (SC2725)……………………………..D-E
Supplemental figures chromosome III repair of B3 (SC2720)……………………………..F-H
Supplemental figures chromosome III repair of D14 (SC2734)……………………………I-K
Supplemental figures chromosome III repair of D15 (SC2735)…………………………..L-N

1

Mutation in SGS1 Does not Increase the Prevalence of mmBIR but Causes a Reduction
in the Proportion of Gene Conversions
Abstract
Several subtypes of double-strand break repair (DSB repair) exist, with the Rad51
dependent canonical break-induced replication (BIR) pathway being extremely well
documented. In contrast, little is known about the error-prone Rad51 independent DSB
repair pathway called microhomology-mediated break-induced replication (mmBIR). The
purpose of this study was to test the hypothesis that manipulation of the SGS1 gene in
Saccharomyces cerevisiae will influence the type of DSB repair, more specifically, the amount
of repair done by canonical BIR and mmBIR. A mutant, sgs1-FD, was previously documented
to show no interaction with Rad51p. The interaction between Sgs1p and Rad51p is integral
to the functioning of the canonical BIR pathway. As such, we suspected in these mutants that
the Rad51-independent pathway, mmBIR would be more prevalent than canonical BIR since
loading of Rad51p would be limited. We also predicted homologous recombination would
decrease with this mutant since Sgs1p is needed. Strains that underwent repair events were
categorized using SNP markers, CHEF gels, and next-generation sequencing. Surprisingly, we
found that the sgs1-FD mutant experienced a higher proportion of homologous
recombination when under moderate replication stress, but a reduction in the proportion of
gene conversions. Additionally, mmBIR was not found to be more prevalent than canonical
BIR in sgs1-FD mutants. We hypothesize that Srs2p may act redundantly with Sgs1p protein
in the process of loading Rad51p onto a ssDNA overhang for homology search since Srs2p
shares some of the same functions as Sgs1p.
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Introduction
DNA damage
Mutations and chromosomal rearrangement rates are typically low, being less than 106/cellular division under normal conditions (1). However, these rare events do happen since
many organisms have billions of cellular divisions over the course of their lifespans. Many
of these rare events may be the result of DNA damage, which is a natural part of standard
metabolic processes. Factors that can damage DNA include interactions with other internal
agents (e.g. alkylation, hydrolysis, reactive oxygen species, DNA base oxidation, and
replication errors) or external agents (e.g. chemical agents, ultraviolet radiation, and
ionizing radiation) (2). Examples of DNA damage that can result from such agents are DNA
base modifications, DNA inter- and intrastrand crosslinks, single-strand breaks, and doublestrand breaks (DSBs). Out of all these examples of damage, DSBs are the most deleterious
(2). When damage to genomic regions goes unrepaired or is mis-repaired, it can compromise
genomic integrity and cause instability. Unrepaired or mis-repaired regions of DNA promote
mutations, impede DNA replication, and promote chromosomal rearrangements (2). These
may lead to cancer development through the mutation of oncogenes and loss of tumor
suppressors.

Common fragile sites and their repair
Common fragile sites (CFSs) are chromosomal regions that are particularly sensitive to DNA
breakage and damage when cells are under replicative stress, which involves the stalling of
replication forks and/or the synthesis of DNA. Replicative stress can manifest due to certain
environmental conditions (e.g., insufficient folate) or to the presence of certain drugs (e.g.,
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aphidicolin) (3). Structurally, CFSs contain “AT-rich” DNA sequence regions that can impede
replication fork progression via formation of complex secondary structures, such as hairpins
(4). Such “AT-rich” DNA sequence regions are also found in other places of the genome,
indicating that nucleotide composition is not the only reason why CFSs are unstable. Another
key part of CFS instability is that CFSs have few active replication origins, which may lead to
incomplete replication of DNA during S phase of the cell cycle at these locations (4). Repair
of DNA damage at common fragile sites frequently results in mutation, especially copy
number variations (CNVs) (4). CNVs are a phenomenon in which the number of copies of
particular sequences in the genome vary. If the repeated sections of the genome are long
enough, they can include whole genes, leading to multiple copies of the same gene being
present. DNA repair can also result in the loss of DNA sequence. Both gains and losses of
genes can lead to a host of problems. For instance, developmental and genetic disorders can
arise from CNV alterations in the germline (4).
DNA damage at common fragile sites is often repaired by homologous recombination
(4–6). Homologous recombination repairs DNA breakage by copying DNA from an unbroken
chromosome template (7). If the copied DNA from the template deviates from the original
form of that chromosome at that location, repair by homologous recombination results in
loss of heterozygosity (LOH) and gene conversion (i.e., change of allelic type) (7). There are
several sub-types of homologous recombination repair mechanisms. These include synthesis
dependent strand annealing, double-strand break repair, and break-induced replication
(BIR).
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Repair of fragile sites in yeast
Yeast serves as an excellent model system for the study of homologous recombination repair
pathways. However, fragile sites in yeast are structurally different from those found in
humans. Instead of having “AT-rich” regions that form complex secondary structures, they
have inverted Ty elements that can form secondary structures (8). These complex secondary
structures can impede replication fork progression, which can lead to replication stress,
often resulting in a DSB. The yeast model system is useful for analysis of repair of DNA
damage at CFSs since yeast are easy to maintain, grow quickly, and are easy to manipulate.
Additionally, since yeast can be grown in large numbers with ease, finding low-frequency
events is facilitated. This ease of manipulation includes the ability to induce replication
stress by various means. One such way is by controlling the expression level of POL1 via the
use of a galactose-inducible promoter (GAL-POL1). The POL1 gene encodes a catalytic
subunit of DNA polymerase α, which is an enzyme critical for DNA replication (1). By
controlling POL1 expression with a galactose-inducible promoter, the transcription of POL1
is regulated by the presence of galactose. In the absence of galactose in media, production of
POL1p is reduced to less than 10% of that of the wild type. In the presence of low galactose,
replicative stress can occur within the cell due to a shortage of DNA polymerase α (1, 9).
Replication stress that occurs due to a shortage of DNA polymerase α can result in DSBs at
yeast fragile sites. It is worthwhile to note that by supplying sufficient galactose in media,
cells can grow minimally without replication stress. Therefore, there is a dose-response
using the GAL-POL1 system.
Repair of a DSB at fragile sites in yeast can be resolved via homologous
recombination. Out of all of the sub-types of homologous recombination, BIR is of particular
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interest because it is most often used in the repair of fragile site breaks. In other words, yeast
fragile sites are hotspots for repair via BIR (10). Recent studies in mammalian cells have
shown that BIR is involved in repairing breaks at telomeres (DNA at the ends of
chromosomes that protects functional DNA from being lost or damaged) and sites of
replication stress in mammals (11). Additionally, BIR has been seen in human cancer cells
that lack telomerase, the enzyme that extends telomeres (11). Since BIR occurs in yeast and
other species, information learned about BIR in yeast may also be applicable to other species.

The canonical break-induced replication (BIR) repair pathway
Repair via BIR begins when DNA damage occurs, resulting in a DSB (Figure 1A, B). Slow grow
suppressor 1 protein (Sgs1p), which is a RecQ DNA helicase, aids in the resection of the 5’
ends of the broken chromosome, which leaves 3’ ssDNA overhangs (Figure 1C). In the case
of BIR, often the other side of the break is unavailable to participate in the repair process
(Figure 1D). Various reasons can account for this situation, for example, one of the ends may
never have existed. Such a case is known as a one-end DSB, which occurs when a stalled
replication fork is cleaved (10). The next step involves Rad51p, a protein from the Rad family
that is particularly important in the repair of collapsed replication forks and in the restart of
stalled replication forks (12). Specifically, Rad51p binds to available 3’ ssDNA overhangs,
initiating homology searching and promoting strand invasion to form a D-loop (Figure 1E).
A separate protein, Rad52p, catalyzes annealing between ssDNA that are complementary
(12). At least 150 bp of complementary base pairing is required to initiate replication at the
invading 3’ end. The complementary region of DNA in the sister chromatid or the
homologous chromosome is often invaded and used as a template for repair (7). However,
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other regions of the genome could potentially be used for repair as well, if these regions
contain sufficiently long stretches of sequence complementary to the broken end (e.g.,
repetitive elements). The 3’ end can release from the D-loop, and BIR can conduct single or
multiple invasions, yielding a few possible results. Multiple invasions of the same
chromosome yield complete replication to the end of a chromosome with little error (Figure
1F). Alternatively, the invading 3’ end of the broken chromosome can reinvade into another
part of the genome that is homologous, yielding a translocated chromosome (Figure 1G).
Upon finishing replication, the repaired chromosome with the translocation can be longer or
shorter depending on what other regions of the genome were invaded (see Figure 1H for an
example of a longer chromosome).
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Figure 1. Canonical BIR pathways. A) DNA is damaged. B) A DSB is formed. C) Damaged DNA
is resected by Sgs1p, leaving 3’ ssDNA overhangs. D) The second 3’ overhang is unavailable.
E) The 3’ overhang invades a duplex of DNA on the homolog, forming a D-loop. F) Replication
continues to the end of the homolog. G) If the 3’ end dissociates, another invasion, perhaps
an invasion of a nonhomologous chromosome can occur. H) After replication, the formerly
damaged chromosome may be a different size than the original chromosome (see homolog
for comparison).

Microhomology-mediated break-induced replication (mmBIR)
At least two known mechanisms of BIR have been described, one that is Rad51p dependent,
known as canonical BIR (described above), and one that is independent of Rad51p, known
as microhomology-mediated break-induced replication (mmBIR). Canonical BIR can involve
multiple invasions, with each region having sequence complementarity (~150 bp) between
the invading strand and the template. In mmBIR, Rad52p aids in DNA repair of a DSB by
annealing the broken end of DNA to regions of microhomology (~2-5 bp) (5). In contrast to
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canonical BIR, mmBIR may involve a single or multiple template switching events between
regions of DNA that are already single-stranded in the genome, which is facilitated by
Rad52p instead of invasions via Rad51p. Such events involve the reannealing of the 3’ end to
a new template that is single-stranded (e.g., ssDNA within an open replication origin of DNA)
(Figure 2). However, due to being based on complementary base pairing of only 2-5 bases
between the broken 3’ end and the template DNA, mmBIR has lower fidelity than canonical
BIR (5). This increases the potential for multiple different regions of the genome to be
included in the repair of the DSB rather than only the sister chromatid or homologous
chromosome.
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Figure 2. DSB repair via mmBIR. A) Sgs1p resects 5’ ends, forming 3’ ssDNA overhangs. B)
3’ overhangs cannot anneal to DNA with no open origin. C) Resected 3’ overhangs find an
open origin. D) Second overhang is often unavailable. E) 3’ overhang anneals to
complementary ssDNA within an origin (~2-5 bp). F) The 3’ overhang can dissociate and
then anneal to another region in the genome, repeating replication and annealing until a
telomere has been added.

Current study
Although much is known about DSB repair via BIR, less is known about mmBIR, and not
many experimental systems have been developed to study mmBIR mechanisms. The current
project aims to explore factors that govern the choice between canonical BIR vs mmBIR. The
experiment will make use of the yeast fragile site, FS2, which is located on chromosome III
of S. cerevisiae. FS2, like human fragile sites, is an area that commonly undergoes a DSB under
replicative stress. This stress involves the partial impediment of DNA polymerases (10). A
second fragile site (FS1) lies upstream of FS2 but instead of having two inverted Ty elements,
it has two Ty elements facing in the same direction. Although FS1 is named as a fragile site,
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it does not break under conditions of replication stress (1). We will analyze whether a
mutation in the SGS1 gene impacts the type of DSB repair used at FS2. Sgs1p is a modular
protein with domains that serve different functions (Figure 3). Sgs1p has functional domains
that help it bind to DNA, two of which are RQC and HRDC. By binding DNA, Sgs1p aids in the
resection of the 5’ end at a DSB to leave a 3’ ssDNA overhang. (13). In addition to this, Sgs1p
interacts with Rad51p and aids in the loading of Rad51p onto the 3’ ssDNA overhang. Since
Sgs1p is modular, individual domains can be targeted by mutation.

Figure 3. Associated motifs of Sgs1p. Sgs1p has a protein-protein interaction site for Rad51p
that enables Sgs1p to facilitate loading of Rad51p onto ssDNA. A DNA binding region enables
Sgs1p to aid in the resection of the 5’ end of a DSB. The different amino acids are associated
with different functions. Examples include two acidic regions (AR1 and AR2), a helicase
domain, an RQC domain (which is conserved among RecQ helicases), and an HRDC domain.
Amino acids 978 to 1447 are associated with physical interaction with Rad51p (14). The
amino acid model with its functional units is based on Bernstein et al. (13).

Phenotype of mutant sgs1-F1192D
One particular mutant of interest is sgs1-F1192D, which contains a single base mutation in
the SGS1 gene, converting phenylalanine to aspartic acid at amino acid 1192. This mutation
is located in the RQC domain of the Rad51p associated region of Sgs1p. Additionally, this
particular mutation abolishes the association of Sgs1p with Rad51p due to the mutation
affecting the region that interacts with Rad51p.
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Normally, Sgs1p aids in loading Rad51p on ssDNA after resection of the 5’ end has
been conducted at a DSB. Sgs1p is thought to possibly compete with ssDNA for binding of
replication protein A (RPA) (14). RPA is a protein that binds ssDNA to prevent the formation
of secondary structures, thus keeping DNA unwound (15). The competition for RPA binding
by Sgs1p thus allows loading of Rad51p after RPA has been removed from the ssDNA (14)
(Figure 4). However, this particular mutation (sgs1-F1192D) disrupts the interaction
between Sgs1p and Rad51p without affecting Sgs1p’s ability to resect DNA (14).
Among other phenotypic features, haploid cells with the mutant SGS1 gene exhibited no
detectable alterations in genome stability or sensitivity to DNA damage (14). Diploid cells
with two copies of the mutant SGS1 gene have higher DNA damage sensitivity (14). Since
diploid cells rely on homologous recombination to repair DSBs than haploid cells, this
difference in DNA damage sensitivity implies that diploid cells with the mutation have a mild
repair defect (14). This mutant was tested in conjunction with multiple knockouts but was
never investigated regarding if mmBIR may have something to do with this repair defect.
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Figure 4. Rad51p and Sgs1p interaction that facilitates loading by binding RPA. A) Sgs1p
competes with ssDNA for RPA. RPA might have an affinity for the acidic regions of Sgs1p’s Nterminus, allowing protein-protein binding (14). B) In sgs1p-F1192D, RPA binding is normal
but Rad51p is never bound to sgs1p-F1192D. Model is based on Campos-Doerfler et al. (14).
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Research Question
Given that Sgs1p activity may be important for canonical BIR, we ask whether mutation of
Sgs1p in Saccharomyces cerevisiae influences the type of DSB repair, more specifically, the
amount of repair done by canonical BIR and mmBIR? We are interested to know whether the
choice of repair pathway may be affected by mutation of SGS1.

Hypothesis and Predictions
An experimental strain was generated in the Casper lab that contains the sgs1-F1192D
mutation. With Rad51p loading onto ssDNA being highly reduced, the secondary interaction
of Rad51p and ssDNA is reduced as well. Overall, we expect that DNA repair via canonical
BIR would be reduced as well because canonical BIR relies upon interaction of Sgs1p with
Rad51p.
Since S. cerevisiae exhibits both canonical BIR and mmBIR, we hypothesize that Sgs1p
is involved in the decision process between these two types of repair. We predict that the
ratio of canonical BIR to mmBIR will change, favoring mmBIR in sgs1-F1192D mutants. Also,
we expect that if cells of S. cerevisiae are mutated such that SGS1 is replaced by sgs1-F1192D,
then we expect to see an increase in the frequency of mmBIR relative to canonical BIR. It is
key to note that these two predictions could possibly occur together, however, one can be
true without the other. Thus, the type of SGS1 gene that is present will serve as a decision
point in the DSB repair pathway (Figure 5). Additionally, we expect the frequency of repair
by HR to be reduced overall due to the reduction of Rad51p binding.

14

Figure 5. Proposed decision point based on type of Sgs1p present. A) A 3’ ssDNA resection
is done by Sgs1p, generating a 3’ overhang. B) Rad51p can interact with Sgs1p and can be
loaded onto the 3’ overhang, thus promoting BIR. C) If Sgs1p is unable to interact with
Rad51p, then Rad51p cannot be loaded onto 3’ overhang, thus promoting mmBIR.
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Materials and Methods
Explanation of “S” and “Y” yeast haploids
The “S” haploid derived from a strain (MS71) that is very similar to the strain characterized
in the online Saccharomyces Genome Database (16). On chromosome III in our particular “S”
haploids (AMC 556, AMC 588), we inserted a wild-type ADE2 gene (at 170 kb), FS2 is present
(at 169 kb), and we inserted a NAT resistance gene (at 176 kb) (Figure 6A). These haploids
appear white on plates. The ADE2 gene encodes a protein involved in the adenine synthesis
pathway. Defective copies of the ADE2 gene (ade2) result in a buildup of a red pigmented
precursor. The NAT gene confers resistance to an antibiotic known as nourseothricin. A
detailed history of the S haploids is presented in Figure 7. The “Y” haploid is derived from a
YJM789 strain that was isolated from an AIDS patient with a yeast infection (17). Its genome
differs from the SGD strain with base substitutions approximately every 500 bp. On
chromosome III in our particular “Y” haploids (AMC 605, Y942), we inserted an ade2 gene
(at 170 kb), the fragile site FS2 is not present, we inserted CUP1 gene and SFA1 gene together
(CuFA, at 176 kb), and we inserted a URA3 gene (at 273 kb) (Figure 6B). These haploids
appear red on plates. The CUP1 gene encodes a protein that binds copper, which makes the
cells more tolerant to copper. The SFA1 gene encodes a protein that detoxifies formaldehyde,
thus increasing resistance to formaldehyde. URA3 is a gene that encodes a protein in the
pathway to make uracil. A detailed history of the Y haploids is presented in Figure 8. We
mutated both types of haploids described such that they possess the sgs1-F1192D mutation.
The SGS1 gene was replaced with pCORE, a cassette of two genes URA3 and G418R (18).
pCORE was subsequently replaced by sgs1-F1192D.
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Figure 6. Chromosome III of “S” and “Y” haploids of S. cerevisiae. A) The “S” haploid houses
FS2, has a functional ADE2 gene, and exhibits resistance to the antibiotic nourseothricin
(NAT). B) The “Y” haploid possesses a nonfunctional ade2 gene, does not contain FS2,
exhibits resistance to copper and formaldehyde (CuFA), but is not resistant to 5-FOA (URA3).
The haploid on the right is red due to the buildup of a red precursor in the nonfunctional
adenine production pathway.

17

Figure 7. Detailed history of the S Haploid. It starts from the strain MS71 (1) and has
numerous modifications eventually leading to our S haploids AMC 556 (POL1) and AMC 588
(GAL-POL1). The sgs1-FD haploids that we used are in green boxes whereas strains from
Chumki et al. (9) are in orange boxes.
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Figure 8. Detailed history of the Y Haploid. It starts from the YJM789 strain (17) and has
numerous modifications eventually leading to our Y haploids AMC 605 (POL1) and Y942
(GAL-POL1). The sgs1-FD haploids that we used are in green boxes whereas strains from
Chumki et al. (9) are in orange boxes.
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Creation of yeast diploids
In our experiment, two diploids were made by mating each “S” haploid (AMC 556 and AMC
588) to a “Y” haploid (AMC 605 and Y942). Mating pairs were based on whether the haploids
were native POL1 or GAL-POL1. The POL1 diploid originated from mating AMC 556 and AMC
605 while the GAL-POL1 diploid was made from mating AMC 588 and Y942 (see Table 1 for
strain characteristics). In contrast to the GAL-POL1 strains, the native POL1 strains have
normal Pol1p production and were used as a control. The native POL1 haploids were mated
on a YPD plate to ensure the production of a diploid and survival. Similarly, GAL-POL1
haploids were mated on a YPR+HG (high galactose) plate to ensure survival.
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Table 1. Characteristics of experimental strains of S. cerevisiae.
Strain

S or
Y

Haploid or
Diploid

POL1 or
GAL-POL1

sgs1-F1192D?

Notable features on
Chromosome III

AMC 556

S

Haploid

POL1

Yes

FS2, ADE2, NAT

AMC 588

S

Haploid

GAL-POL1

Yes

FS2, ADE2, NAT

AMC 605

Y

Haploid

POL1

Yes

ade2, CuFA, URA3

Y942

Y

Haploid

GAL-POL1

Yes

ade2, CuFA, URA3

Y944(AMC
556 + AMC
605)

Both

Diploid

POL1

Yes

S: FS2, ADE2, NAT
Y: ade2, CuFA, URA3

Y945 (AMC
588 +
Y942)

Both

Diploid

GAL-POL1

Yes

S: FS2, ADE2, NAT
Y: ade2, CuFA, URA3

AMC 355
(Chumki et
al. 2016)

Both

Diploid

GAL-POL1

No

S: FS2, ADE2, NAT
Y: ade2, CuFA, URA3

AMC 358
(Chumki et
al. 2016)

Both

Diploid

POL1

No

S: FS2, ADE2, NAT
Y: ade2, CuFA, URA3

Collection of LOH events
Loss of heterozygosity (LOH) is the loss of an entire allele of a gene. Often there is a region of
LOH that affects many genes in one area of the chromosome. LOH events were collected and
assessed via sectored colony analysis similar to that of Chumki et al. (2016). Initially, each
diploid culture was diluted to an OD600 reading between 0.20-0.25. OD600 readings were
obtained by use of a Beckman Coulter DU800 spectrophotometer. We used YPR media plus
high galactose (0.05%) and YPR media plus low galactose (0.005%) treatments for each
diploid (Table 2). Each culture was then incubated for 6 hours at 30oC. At the end of the 6-
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hour incubation, a 100X dilution followed by a 30X dilution were done (3000X dilution total).
This final dilution was plated using 100 µl/plate on Red/White plates (Table 3). These plates
were incubated at 30oC for 4 nights. After this incubation and then streaked for singles on
YPR-HG plates (Table 3), colonies were picked. Analysis of chromosomal markers known as
single nucleotide polymorphisms (SNPs) at nucleotides 113,543 (“SNP 113”) and 298,875
(“SNP 298”) was done on chromosome III for each sectored colony. DNA was obtained from
cells via a boil-freeze method in which cells were suspended in sterile water and boiled for
6 minutes at 100oC and immediately stored at -80oC for a minimum of 15 minutes. After
thawing, samples were centrifuged at (10000 x g).

Table 2. Formulation of high and low galactose stock mixes.
Initial
Concentration

Volume added

Final Volume

Final
Concentration

YPR media

--

50 ml

--

--

Galactose
solution

20%

125 µl (High)

50.125 ml

0.05%

12.5 µl (Low)

50.0125 ml

0.005%
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Table 3. Media formulation table for YPR liquid, YPR +HG, and Red/White media. Galactose
and dropout mix were added following autoclaving and reduction of temperature.
Component

YPR liquid media

YPR + HG

Red/White

Yeast Extract

1% w/v

1% w/v

-

Peptone

2% w/v

2% w/v

-

Raffinose

3% w/v

3% w/v

3% w/v

Agar

-

3% w/v

3% w/v

Galactose

-

0.02% w/v

0.02%

Yeast Nitrogen Base without
Amino Acids nor Ammonium
Sulfate

-

-

Ammonium Sulfate

-

-

0.5% w/v

Raffinose

-

-

3% w/v

SR Low Ade Drop-out Mix (9.85
mg Ade/L)

-

-

0.14% w/v

0.17% w/v

The DNA within the supernatant was amplified by PCR using GoTaq, a polymerase
derived from Thermus aquaticus, and primers flanking the SNPs (Table 4). An initial
denaturation was carried out at 97oC for 2 minutes. This was followed by a cycle that was
repeated thirty-five times: 10 seconds at 94oC (denaturation), 20 seconds at 50oC
(annealing), and 25 seconds at 72oC (elongation). A final elongation at 72oC was carried out
for 6 minutes. The PCR machines that were used for amplification were a BIO-RAD T100
thermal cycler and a BIO-RAD MyCycler thermal cycler.
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Table 4. SNP primer, PCR, and restriction enzyme information. All of these restriction
enzymes are digested at 37oC.
Primers

Primer Sequence
5’ to 3’

Product SNP Position Enzyme

OAC 557 AAAAACTTATCCCACGAATTTGA
OAC 558 AGAACAATGGGCGAAAACAG
AMC 301 TCGACTAAATCGTCGATGCTG

462 bp

113,543

MnlI

YJM (335,
127 bp
fragments)

442 bp

164,273

MspI

YJM (288,
154 bp
fragments)

AMC 302 CCAATGATGGGACTGGGATG
AMC 305 GGCAGTAACAGGTGCATCTAC
G
AMC 306
AAAGTCGTCCCACACCCTAAG
AMC 307 CTGGCGTCAGGCGGATTAG

298 bp

175,324

BanI

YJM (192,
106 bp
fragments)

438 bp

181,520

BtsI

SGD (257,
181 bp
fragments)

353 bp

298,875

RsaI

YJM (226,
127 bp
fragments)

AMC 308 TTCCACTATTTGATCCATAAT
CATCAG
AMC 357 ACGTCTGCGGCTGGTTGAC
AMC 358 CCTACGGTCTTCCGCGTTG

Cuts in

Analysis of LOH by checking zygosity of SNPs
A restriction digest of amplified DNA at SNP 113 of the red colonies used MnlI (incubated at
37oC) to determine whether the repair event was chromosome loss (homozygous S or Y) or
not (heterozygous). Products of digest reactions were analyzed on 2% agarose gels, S alleles
are uncut (462 bp) and Y alleles are cut (335 and 127 bp fragments). Heterozygous diploids
at SNP 113 display three bands whereas homozygous S and Y diploids display one and two
bands, respectively (Figure 9). Homozygous S and Y diploids at SNP 113 were as a result of
failed repair and were thus not investigated further.
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Figure 9. Example of a 2% agarose gel image of SNP testing at SNP 113 on chromosome III.
Testing of SNP 113 reveals whether a repair event was due to homologous recombination or
chromosome loss. A single band indicates two uncut S alleles, two bands indicate two cut Y
alleles, and three bands indicate a cut Y allele and an uncut S allele. Note: top bands in the
heterozygous samples are circled.
If SNP 113 was heterozygous, a restriction digest of amplified DNA at SNP 298 of both
red and white colonies used RsaI (incubated at 37oC) to determine the type of homologous
recombination event was involved. Break-induced replication events at SNP 298 were Y for
the red colonies and heterozygous for the white colonies (Figure 10). Reciprocal crossovers
exhibited Y for red colonies and S for white colonies (Figure 10). Gene conversions were
heterozygous for both red and white colonies at SNP 298 (Figure 10). To determine tract
length of the gene conversion, restriction digests were conducted at SNPs 164, 175, and 181
at 37oC, using MspI, BanI, and BtsI respectively. Examples of chromosome loss, reciprocal
crossover, break-induced replication (BIR), and gene conversion (GC), are located in Figure
9. Colonies were collected and stored at -80oC.
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Figure 10. Determining homologous recombination events using SNP 298. Abbreviated
mechanisms are shown for BIR, reciprocal crossover, and long-tract gene conversion (via
gap repair). Red and white colonies show specific differences in their alleles at SNP 298.
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Figure 11. Outcomes of sectored colony analysis (chromosome III displayed). Displayed are
examples of chromosome loss, reciprocal crossover, canonical BIR to homolog (example of
one continuous stretch with no invasions of non-homologs), canonical BIR to non-homolog
(example of one continuous stretch with no invasions of homolog or other non-homologs),
long-tract gene conversion, and short-tract gene conversion.

CHEF gel and Southern blotting for chromosome size
Contour-clamped homogeneous electric field (CHEF) gel electrophoresis on a Pharmacia
Biotech Gene Navigator was conducted to analyze the size of chromosome III of the yeast
colonies. CHEF gel electrophoresis uses a pulsed-field of electric current to separate large
segments of DNA (e.g. chromosomes). The Pharmacia Biotech Gene Navigator utilizes
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north/south and east/west switches that alternate in time. Specific running conditions used
for the CHEF are listed in Table 5. A DNA ladder of lambda concatemers and DNA from the
haploids of the starting yeast diploid were run in every gel, for comparison with yeast
diploids that have LOH events through FS2. In particular, the size of chromosome III was
analyzed with the most scrutiny because it is the site of FS2.

Table 5. Running Conditions for CHEF gels on the Pharmacia Biotech Gene Navigator in
preparation for Southern blotting.
Phase Number

North/South Switch

East/West Switch

Run time

1

28 seconds

28 seconds

6 hours 30 minutes

2

29.5 seconds

29.5 seconds

6 hours 30 minutes

3

31 seconds

31 seconds

6 hours 30 minutes

4

32.5 seconds

32.5 seconds

6 hours 30 minutes

5

33.5 seconds

33.5 seconds

6 hours 30 minutes

6

35 seconds

35 seconds

6 hours 30 minutes
Total: 39 hours

Further analysis was conducted using Southern blotting after CHEF gel
electrophoresis in order to determine the locations of the chromosomes III that were
repaired and their relative sizes. The DNA was nicked by submerging CHEF gels in 0.25M HCl
for 45 minutes with gentle shaking. The gels were submerged in denaturation solution
(Table 6) for 45-60 minutes with gentle shaking to destroy residual RNA and make DNA
single-stranded for probing. The gels were neutralized in a neutralization solution (Table 6)
for 30 minutes with gentle shaking. The DNA was transferred from the gels to Hybond N+
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membranes using 20X SSC (Table 6). Upon completion of transfer, the membranes were
crosslinked using a Spectrolinker XL-1000 UV Crosslinker with an exposure of 70,000 μJ.
After crosslinking, the membranes were rinsed in 2X SSC.

Table 6. Formulation table for denaturation, neutralization, and 20X SSC solutions. Salts
were mixed in distilled water and then brought to the desired volume.
Component

Denaturation

Neutralization

20X SSC

Sodium Chloride

1.5 M

1.5 M

3.0 M

Sodium Hydroxide

0.5 M

-

-

Tris Base

-

0.5 M

-

12.1 M Hydrochloric Acid

-

Added till pH of 7.5

-

Sodium Citrate

-

-

0.34 M

The membranes were then probed by a biotin labeled PCR product from a
North2South™ Biotin Random Prime DNA Labeling Kit. This labeled probe recognized CHA1,
which is a gene located on the short arm of chromosome III. CHA1 has been used in a previous
study as a probe for chromosome III and used to identify chromosome III to determine its
size after DNA repair (Lemoine et al., 2005). Probes were detected by use of a Thermo
Scientific Chemiluminescent Nucleic Acid Detection Module and visualized with a BIO-RAD
Molecular Imager ChemiDoc XRS+ Imaging System.
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Whole genome sequencing
Before conducting sequencing, yeast genomic DNA was extracted and purified using a
procedure similar to standard yeast genomic harvesting methodology (19). However, we did
not use beads but rather zymolyase to aid in the digestion of the cells. Also, we used a 5M
potassium acetate solution to precipitate cellular debris instead of ammonium acetate. The
harvest genome samples were diluted to 100 ng/µl. After dilution, DNA libraries were
prepared for each sample of genomic DNA using a Nextera DNA Flex Library Prep Kit. Upon
finishing library prep, samples were sent out for sequencing.
Illumina next-generation genome sequencing was carried out by Novogene. We used
the CLC Genomics Workbench program by Qiagen Bioinformatics to align sequences with
the reference genome (S288C). We also used CLC Workbench to identify the genotype at
every SNP throughout the entire genome (that is, whether each SNP has only “Y” alleles, only
“S” alleles, or is heterozygous). Analysis of the sequencing data upon return to the lab was
conducted using CLC Genomics Workbench by Qiagen Bioinformatics. This analysis allowed
for the narrowing of the location of each BIR event junction (Figure 12). We also evaluated
the sequencing data for deletions, duplications, and gross chromosomal rearrangements that
could indicate mmBIR
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Figure 12. Comparing sectored colonies after SNP testing vs after next-generation
sequencing. SNP testing of a BIR event tells us that the repair event occurred at or before FS2
but after the centromere. The exact location of where the repair was initiated is unknown.
Next-generation sequencing helps in narrowing the region in which repair was initiated
(between 130,633 and 133,715 in this example strain). To finalize which subtype of BIR
occurred at this repair junction, Sanger sequencing is required.

Sanger sequencing over repair junctions
A repair junction is the region in which repair was initiated. Repair junctions were
investigated to finalize classifications of repair events on chromosome III. CHEF gel
electrophoresis was done to separate the chromosome III bands. These bands were cut out
separately while using an Alpha Innotech AIML-26 Transilluminator on a long wavelength
setting (365 nm) to limit thymine dimerization. The cut-out bands were purified via a
Thermo Scientific GeneJET Gel Extraction Kit. These purified chromosomes were SNP tested
(as described in the “Collection and analysis of all LOH events” section) to ensure that the
appropriate band was recovered, and that each purified sample contained only one homolog
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of the chromosome of interest. Repair junction regions were amplified by PCR (Table 7)
using GoTaq polymerase for shorter regions (1,500 bp or less) and iProof polymerase for
events that occurred over/within a fragile site, possibly within a Ty element (6,000 bp or
more). iProof polymerase was used for the longer PCR amplification because it has higher
processivity. Sanger sequencing provided more precise information on whether a repair
junction harbored genetic changes that did not appear in the alignment of the whole genome
sequencing data. For example, fragments from the whole genome sequencing that contain a
small inverted duplication may not be aligned to the genome by CLC Workbench, but are
rather discarded as un-matched sequencing fragments.
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Table 7: Sanger sequencing primers and their purposes.
5’ end

Primer sequence, 5' to 3'

3’ end

Comments

Primer #

Chr

P815
P816

III
III

P817

III

P818

III

P819

III

P820

III

P821

III

P822
P823
P824

III
III
III

120,999 121,018 AGGACTTTGGCCTTTCAATG Used to amplify Junction 1 on SC2719
122,493 122,474 AAAAGGGCCCATTATTCTCG Used to amplify Junction 1 on SC2719
Used to amplify Junction 1a on
130,359 130,378 TGCTTTGTTATCCGGCATTC SC2721 & SC2732 & SC2736
TTGAAAGGCAACGAAAGGT Used to amplify Junction 1a on
131,841 131,822 C
SC2721 & SC2732 & SC2736
TCACAGCGTTTCCTTTTCTT Used to amplify Junction 1b on
131,597 131,617 C
SC2721 & SC2732 & SC2736
GGTTAGCTCCTGCTCCAGT Used to amplify Junction 1b on
132,892 132,873 G
SC2721 & SC2732 & SC2736
GCATTGAACATGGACAGCA Used to amplify Junction 1c on
132,796 132,815 C
SC2721 & SC2732 & SC2736
Used to amplify Junction 1c on
134,045 134,026 GGTGCTTTTGGGCTCACTAC SC2721 & SC2732 & SC2736
144,085 144,104 CCAAGCAAAAGCAAAATTGG Used to amplify Junction 1 on SC2722
145,376 145,357 TACCTGGGGCTGTGTTCTTC Used to amplify Junction 1 on SC2722

P825

III

123,963 123,982 G

P826
P827
P828

III
III
III

Used to amplify Junction 1 on SC2725
GGACCGGTCAACAATCTCA Used to amplify Junction 1 on SC2725
82,398 82,417 G
& Junction 4 on SC2724
143,167 143,186 ACACCACGGCATTATTCAGC Used to amplify Junction 1 on SC2728
144,372 144,353 CTTTTTGCTTCCCTTGTTCG Used to amplify Junction 1 on SC2728

P829

III

119,281 119,300 G

GATGACCTCCGGGTAAACT

CAAGGAGCGGAAACAGAAA

Used to amplify Junction 1 on SC2731

CTGTACTGCGGGGAAAGAA
120,633 120,614 G
Used to amplify Junction 1 on SC2731

P830
P831
P832

III
III
III

P833

III

147,557 147,576 G

P834

III

GAACGCGGAAGAGTTTATG
148,765 148,746 C

P835

III

P836

III

P837

III

144,966 144,985 TCGGTTATCGTTCCTCTTGC Used to amplify Junction 2 on SC2732
146,260 146,241 TTTTTGGCTGTTGGTTTTGG Used to amplify Junction 2 on SC2732
GACCAAAGCTGCAAAGAAG

P838

III

P839

III

Used to amplify Junction 3 on SC2732

Used to amplify Junction 3 on SC2732
GAGCCATCTCGTACAGCAA Used to amplify Junction 1a on
126,580 126,599 G
SC2739
Used to amplify Junction 1a on
127,879 127,860 CCAGGTGATTTTTCCATTCG SC2739
Used to amplify Junction 1b on
127,613 127,632 TGGTTTCTTTGACGCAGTTG SC2739
TTGAAGCAGTGGGAGTAGG Used to amplify Junction 1b on
128,989 128,970 C
SC2739
CAACGCTCAGGGACTCTTT
117,004 117,023 C
Used to amplify Junction 1 on SC2740

33
P840

P844

III 118,602 118,583 TCCCTGGTGTTTTTGTCTCC Used to amplify Junction 1 on SC2740
GGCTTGCCCATAAACTTCA Used to amplify Junction 1a on
III 146,070 146,089 C
SC2718
CGAAGAACAAAGGGTTGAC Used to amplify Junction 1a on
III 147,198 147,178 TG
SC2718
AGAATATGCCCCAGCTCTC Used to amplify Junction 1b on
III 147,095 147,115 TG
SC2718
ATTTTCTTCGTCTTTGTTCT Used to amplify Junction 1b on
III 148,144 148,118 TATATTG
SC2718

P845

III 208,910 208,929 C

P841
P842
P843

TTGCCCAAGACTTTGACCT

Used to amplify Junction 2 on SC2736

TAGACCGCAAACAACTGGT
210,134 210,115 G
Used to amplify Junction 2 on SC2736
TTTTGCCCCATAGAAAGCT
222,321 222,340 G
Used to amplify Junction 3 on SC2736
TCATGGATGTGTGGAACGT
223,584 223,565 C
Used to amplify Junction 3 on SC2736

P846

III

P847

III

P848

III

P849

III 133,627 133,644 GATCAACGGGCAGTGGAC

P850

III 134,932 134,913 G

Used to amplify Junction 1a on
SC2724

CCTCAGGGGAAAAGGAGAA

P852

Use to amplify Junction 1a on SC2724
GAGCCCACTCTCTCTGTGT Used to amplify Junction 1b on
III 134,800 134,820 TG
SC2724
TGCCTTTGAATACGACTTG Used to amplify Junction 1b on
III 136,238 136,219 G
SC2724

P853

III 158,175 158,194 C

P854

III 159,299 159,275 TTTAC

P851

GAGCGCAGGGAACACTAAT

Used to amplify Junction 2 on SC2724

TCGGTGAATTTTATTATGGC

83,572

Used to amplify Junction 2 on SC2724

P855

III

P856

III 142,251 142,277

P857

III

92,559

P858

X

484,585 484,566

P859
P860

P870

III 119,281 119,300
Used to amplify Junction on SC2549
III 120,760 120,742 GGTTGGAAAATTGCGGAAG Used to amplify Junction on SC2549
GGGGAAGGGAGATAAAATG Used to amplify Junction 1a on
III 130,235 130,254 C
SC2721 & SC2732 & SC2736
CGCGGATTTTGAACAATTAT Used to amplify Junction 1a on
III 131,692 131,672 G
SC2721 & SC2732 & SC2736

18C-2
FS1-8

III 148,544 148,566 VTCG
Used to amplify FS1 region
III 152,053 152,034 GACCAAACATGTTATCTTGC Used to amplify FS1 region

18C-1

III 148,850 148,875 CCAGAG

P869

83,597

CCTTGCTTTATTTTACTGTT
CTTCTG
GTCGCTTTTAAAGAAAACG
ATAAGAAC
GGAGAAAAAGGAGGATGTA
AAGG
GTTACCCCGGTATCAGCAA
C
CAAGGAGCGGAAACAGAAA
G

92,581

Used to amplify Junction 4 on SC2724
Used to amplify Junction 3 on SC2724
Used to amplify Junction 3 on SC2724
Used to amplify Junction 1 on SC2734

CTTGGCTAGTCGTACGTCT

CTCTAGTTAAGAAGGAACTT

Used for Sanger sequencing of FS1
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CTCTGGAAGTTCCTTCTTAA

R18C-1

III 148,875 148,850 CTAGAG
ATAGAATTCTTGGCGATGA
149,258 149,277 G

Used for Sanger sequencing of FS1

FS1-1
FS1-2
FS1-3
FS1-4
FS1-5

III
III
III
III
III

FS1-6
FS1-7

III
III 151,146 151,118 CTTTCCGTCATACTCATTGC Used for Sanger sequencing of FS1

149,888
149,907
150,652
150,671

149,907
149,888
150,671
150,652

ACAATCTCTGATGCTTTCAC
GTGAAAGCATCAGAGATTG
GTGATCACAGAATTTCACAT

Used for Sanger sequencing of FS1
Used for Sanger sequencing of FS1
Used for Sanger sequencing of FS1
Used for Sanger sequencing of FS1
Used for Sanger sequencing of FS1

ATGTGAAATTCTGTGATCAC
GCAATGAGTATGACGGAAA
151,118 151,146 G
Used for Sanger sequencing of FS1
GCTGTCATCGAAGTTAGAG

18C-A-1
R18C-A-2
tQup2
RFS2
unique #2

III 151,612 151,635 GAAGC
III

GTACTCACATGAGAATCAC
151,834 151,855 GTG

CTTCTGTATCTGAAGATA
III 168,247 168,267 GTG
CACCCATTTAAATTGCATTT

III 169,175 169,153 TTG
CTACATTCTAGATACCGACA

FS2 unique

III 169,068 169,091 TATC
GAACTTGAGTGACCTGAGC

RΔ11-1

III 170,313 170,288 AGGTGAC

JAO 308

III

-

-

TTAGATCTATTACATTATGG
GTGG

FTy1_3’

III

-

-

CGTATACTACATCGAGACC
AAGAAG

JAO 295

III

-

-

AGCAGGTTGAGGAGAGGC
ATGATG

RTy1_5’

III

-

-

GAGTTAGCCTTAGTGGA
AGCCTTC

RΔ11-2

III 169,467 168,492 GTATAC

GATAAAGGCTATAATATTAG

Used for Sanger sequencing of FS1
Used for Sanger sequencing of FS1
Used to amplify Crick Ty element of
FS2 region
Used to amplify Crick Ty element of
FS2
Used to amplify Watson Ty element of
FS2
Used to amplify Watson Ty element of
FS2
Used for Sanger sequencing of
Watson and Crick Ty elements of FS2
Used for Sanger sequencing of
Watson and Crick Ty elements of FS2
Used for Sanger sequencing of
Watson and Crick Ty elements of FS2
Used for Sanger sequencing of
Watson and Crick Ty elements of FS2
Used for Sanger sequencing of
Watson and Crick Ty elements of FS2
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Results
Analysis of sectored colonies by SNP testing - repair ratios
Sectored colonies collected from R/W plates were analyzed with the testing of single
nucleotide polymorphisms (SNPs) at 113 and 298 to determine repair events. A total of 688
sectored colonies were screened among the eight different cultures (Y944, Y945, AMC 358,
and AMC 355, with both high and low galactose). POL1 strains (Y944, AMC 358) under high
and low galactose served as controls, GAL-POL1 strains (Y945 and AMC 358) under high
galactose served as a way to detect sensitivity to galactose concentration based on SGS1
genotype, and GAL-POL1 strains under low galactose served as a way to generate a large
sample of repair events.
Five different classes were used to describe the repair, based on the results of SNP
testing. Five classifications were. Unknown repair events were classified as those that did
not adhere to the standard SNP results of the other more common repair types. The one
listed here had two S copies at SNP 298 in the red colony but was heterozygous for the white
colony at SNP 298. However, the Y copy had to be used as a template at some point since only
ade2 is present (hence the red color). Out of all of the strains, Y945 (GAL-POL1 and sgs1-FD)
and AMC 355 (GAL-POL1 and SGS1) exhibited the highest number of sectored colonies
screened at both high galactose and low galactose treatments. Of all of the repair outcomes,
chromosome loss and break-induced replication were the most prevalent across all of the
treatments (Table 8).
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Table 8. Summary of screened sectored colonies. Percentage of each screened event is noted,
and the actual number of events is in parentheses. Note: Sectored colonies screened does not
equal total sectored colonies present since some colonies were not picked due to close
proximity to non-sectored colonies. These numbers are based on 3 sets of 20 plates of the
sgs1-FD strains and 2 sets of 20 plates for the SGS1 strains.
Strain &
Treatment

# of Sectored
Colonies Screened

% of
Chr
Loss

% of
BIR

% of GC

% RCO

% of
Unknown
Repairs

10

50%
(5)

50%
(5)

0%
(0)

0%
(0)

0%
(0)

11

45.45% 54.54%
(5)
(6)

0%
(0)

0%
(0)

0%
(0)

Y945 (High
Gal, sgs1-FD,
GAL-POL1)

46

52.17% 41.30%
(24)
(19)

2.17%
(1)

0%
(0)

4.35%
(2)

Y945 (Low
Gal, sgs1-FD,
GAL-POL1)

297

40.74% 47.81%
(121)
(142)

5.05%
(15)

4.04%
(12)

2.36%
(7)

Y944
(High Gal,
sgs1-FD,
POL1)
Y944 (Low
Gal, sgs1-FD,
POL1)

AMC 358
(High Gal,
SGS1, POL1)
AMC 358
(Low Gal,
SGS1, POL1)
AMC 355
(High Gal,
SGS1, GALPOL1)
AMC 355
(Low Gal,
SGS1, GALPOL1)

2

50%
(1)

0%
(0)

50%
(1)

0%
(0)

0%
(0)

6

100%
(6)

0%
(0)

0%
(0)

0%
(0)

0%
(0)

50%
(4)

37.5%
(3)

12.5%
(1)

0%
(0)

0%
(0)

52.98% 35.43%
(169)
(113)

9.72%
(31)

0.94%
(3)

0.94%
(3)

8

319
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In an attempt to demonstrate whether the sgs1-FD mutation influenced the relative
ratios of chromosome loss to homologous recombination, we compared each sgs1-FD mutant
to its wildtype SGS1 counterpart in high and low galactose treatments. No difference was
found between Y944 (native POL1 and sgs1-FD) and AMC 358 (native POL1 and SGS1) under
high galactose conditions (Fisher test, two-tailed, p=1), and the GAL-POL1 strains, Y945
(sgs1-FD) and AMC 355 (SGS1) under high galactose conditions (Fisher test, two-tailed, p=1).
Significantly higher chromosome loss was found in AMC 358 (native POL1 and SGS1) vs Y944
(native POL1 and sgs1-FD) under low galactose conditions, (Fisher test, two tailed,
p=0.0437). Additionally, we found that there was significantly more homologous
recombination present in the screened colonies of Y945 (GAL-POL1 and sgs1-FD) than AMC
355 (GAL-POL1 and SGS1) under low galactose conditions (Chi-square contingency test,
p=0.0031, X2 = 8.76) (Figure 13).
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Figure 13. Chromosome loss vs homologous recombination of sgs1-FD mutants and Chumki
strains. All low galactose strains show a difference in their ratios of chromosome loss and
homologous recombination. The ** means that significance exists between the datasets that
was calculated using a Fisher test (p<0.05) whereas *** indicates a significant difference
between datasets that was calculated using a Chi-square contingency test (p<0.05).

To investigate what types of events were influencing the increased homologous
recombination in the Y945 (GAL-POL1 and sgs1-FD) and AMC 355 (GAL-POL1 and SGS1)
under low galactose conditions, we compared each repair event within homologous
recombination to the total of other homologous recombination events. Firstly, we
investigated if the amount of BIR events were influencing the total amount of homologous
recombination. Upon comparing, the two datasets presented no difference in the proportion
of BIR (Chi-square contingency test, p=0.256). Under low galactose conditions, 75.33% of all
homologous recombination events in AMC 355 (GAL-POL1 and SGS1) occurred via BIR
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whereas Y945 (GAL-POL1 and sgs1-FD) had 81.14% under the same conditions. In contrast,
gene conversions were found to be more prevalent in AMC 355 than in the sgs1-FD mutant
Y945 (Chi-square contingency test, p=0.0031) (Figure 14). Gene conversions represented
20.67% of all homologous recombination events in AMC 355 whereas Y945 had 8.57%. No
significant difference was noted when comparing reciprocal crossovers (Chi-square
contingency test, p= 0.0693) and unknown repairs (Fisher test, two tailed, p=0.3509).

Figure 14. Relative repair ratios of the sgs1-FD mutants and the wildtype SGS1 strains. Only
the GAL-POL1 low galactose strains show a significant difference in repair ratios. The ***
symbol indicates significance using a Chi-square contingency test (p<0.05).

We wondered whether the frequency of the two different types of gene conversion
(GC), short-tract (STGC) and long-tract (LTGC) differed among Y945 (GAL-POL1 and sgs1-FD)
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and AMC 355 (GAL-POL1 and SGS1) under low galactose conditions. Y945 experienced 15
GCs under these conditions, 6 of which were LTGCs while the other 9 were STGCs. AMC 355
under the same conditions had 31 GCs, 10 of which were LTGCs, 19 were STGC, and 2 were
unclear. These two showed the GC event at SNP 175 but not at SNPs 164 or 181. At the very
least, the tract must have started at the ADE2 gene since the colony was red, indicating the
copying of the defective ade2. As a result, it was not possible to distinguish whether the tracts
of these 2 GCs were long or short. Regardless, there was no difference detected in the type of
GC event across the two strains (Fisher test, p>0.05) (Figure 15).

Figure 15. Gene conversion types in low galactose GAL-POL1 strains. No significant
difference was observed in the types of GC when comparing Y945 and AMC 355 under low
galactose conditions.
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Analysis of sectored colonies by SNP testing - frequencies
We also looked at the frequency of loss of heterozygous (LOH) events of wildtype
SGS1 strains and sgs1-FD mutants. Frequency of LOH events were calculated using the actual
number of sectored colonies identified (not screened) and total colonies for each strain. LOH
frequencies were only calculated for strains that had total colonies, so two sets of sgs1-FD
sectored colony collection were excluded from this while all sets of wildtype SGS1 were
included (Table 9).

Table 9. Summary of LOH frequency data for wildtype SGS1 and sgs1-FD strains. Data are
based on two sets of 20 R/W plates for each wildtype SGS1 strain and on one set of 20 R/W
plates for each sgs1-FD strain. Frequency numbers are represented in *10-5 and rounded to
the nearest whole number.
Strain & Treatment

Total Colonies

Sectored
Colonies

LOH Freq (*10-5)

Y944
(High Gal, sgs1-FD, POL1)

18820

5

27

Y944
(Low Gal, sgs1-FD, POL1)

20948

2

19

Y945
(High Gal, sgs1-FD, GAL-POL1)

12080

4

141

Y945
(Low Gal, sgs1-FD, GAL-POL1)

4472

8

2750

AMC 358
(High Gal, SGS1, POL1)

40912

17

5

AMC 358
(Low Gal, SGS1, POL1)

49276

12

16

AMC 355
(High Gal, SGS1, GAL-POL1)

40772

123

29

AMC 355
(Low Gal, SGS1, GAL-POL1)

16484

366

2220
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When comparing the frequency of LOH events, we noted that there was a significant
difference among the GAL-POL1 sgs1-FD strains and the GAL-POL1 SGS1 strains, more
specifically, these sgs1-FD strains (Y945) exhibited a higher frequency of LOH than the
wildtype SGS1 strains (AMC 355) in both high and low galactose levels (Figure 16) Under
high galactose conditions, Y945 (GAL-POL1 and sgs1-FD) showed a seven-fold increase in
LOH frequency compared to its wildtype counterpart, AMC 355 (Chi-square contingency test,
p<.0001, X^2 = 19.07). In low galactose conditions, Y945 (GAL-POL and sgs1-FD) LOH
frequency increased significantly compared to its wildtype counterpart AMC 355 (Chisquare contingency test, p= 0.0426, X^2 = 4.11).

Figure 16. LOH frequencies of wildtype SGS1 and sgs1-FD strains. Only the GAL-POL1 strains
show a significant difference in LOH frequency. The *** symbol indicates significance using
a Chi-square contingency test (p<0.05).
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To discover what was causing this difference in LOH frequency, we investigated the
frequency of specific repair events. Exact frequency of these events could not be calculated
because not all sectored colonies could be picked due to various reasons (e.g. too close to
another colony). As such, the frequency of specific types of LOH events was based on the
ratio of repair events surveyed. These calculated frequencies are noted as adjusted
frequencies. Adjusted frequency values for the wildtype SGS1 strains were obtained using
the repair ratios found in Table 8. However, not all sets of sgs1-FD strains had total colony
counts. That being the case, adjusted frequency values of the sgs1-FD strains were calculated
from the only set that had total colony numbers (Table 10).

Table 10. Repair ratios for the only sgs1-FD strains that had total colony counts. These
values are a subset of those seen in Table 8.
Strain &
Treatment
Y944
(High Gal,
sgs1-FD,
POL1)

Sectored
Colonies
Screened
4

% Chr Loss

% BIR

% GC.

% RCO

%
Unknown
Repairs

50%
(2)

50%
(2)

0%
(0)

0%
(0)

0%
(0)

75%
(3)

0%
(0)

0%
(0)

0%
(0)

Y944 (Low
Gal, sgs1-FD,
POL1)

4

25%
(1)

Y945 (High
Gal, sgs1-FD,
GAL-POL1)

14

50%
(7)

35.71%
(5)

7.14%
(1)

0%
(0)

7.14%
(1)

108

40.74%
(44)

50.93%
(55)

5.56%
(6)

1.85%
(2)

0.93%
(1)

Y945 (Low
Gal, sgs1-FD,
GAL-POL1)
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Statistical analyses were not conducted for all of the POL1 strains and the GAL-POL1
strains under high galactose conditions because sample sizes were too small. GAL-POL1
strains under low galactose did have a high enough number of events to compare the
frequency of chromosome loss and homologous recombination. Under low galactose, AMC
355 (GAL-POL1 and SGS1) exhibited a lower frequency of chromosome loss than its sgs1-FD
counterpart Y945 (Chi-square contingency test, p= 0.0016, X2= 9.99) (Figure 17).
Additionally, Y945 exhibited a higher frequency of homologous recombination than AMC
355 (Chi-square contingency test, p= 0.0002, X2= 13.95) (Figure 17).

Figure 17. Chromosome loss and homologous recombination frequencies of wildtype SGS1
and sgs1-FD GAL-POL strains. Only the GAL-POL1 strains under low galactose were able to be
analyzed via statistics due to small sample sizes of these lines grown in high-gal. When grown
in low galactose, sgs1-FD GAL-POL1 strains showed a significant difference in chromosome
loss and homologous recombination frequency. The *** symbol indicates significance using
a Chi-square contingency test (p<0.05).
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In order to investigate why there was an increase in the frequency of homologous
recombination events in GAL-POL1 sgs1-FD mutants in low galactose, we looked within
homologous recombination and compared specific repair event frequencies of Y945 (GALPOL1 and sgs1-FD) to AMC 355 (GAL-POL1 and SGS1). Under low galactose, the sgs1-FD
mutants exhibited a higher frequency of BIR than the wildtype (Chi-square contingency test,
p=0.0002, X2 =13.95) (Figure 18). We noted no difference in the frequency of gene
conversions under low galactose (Chi-square contingency test, p=0.5169, X2 = 0.42). We
were unable to compare the frequencies of reciprocal crossovers and unknown repair events
due to small sample sizes of these events.

Figure 18. Frequencies of events within homologous recombination for wildtype SGS1 and
sgs1-FD GAL-POL strains under low galactose. These strains showed a significant difference
in BIR frequency. The *** symbol indicates significance using a Chi-square contingency test
(p<0.05).
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It is worth noting that the validity of the frequency values for the wildtype SGS1 GALPOL1 strains under low galactose conditions may be concerning. The aggregate values used
for comparison are based on two sets that have significantly differing LOH frequencies (Chisquare contingency test, p<.0001, X2 =23.7). The first set had an LOH frequency of
3042 * 10-5 whereas the second set had a frequency of 1832 * 10-5 (aggregate frequency seen
in Table 8). The GAL-POL1 wildtype SGS1 strains in high galactose showed no difference
among the two datasets (Chi-square contingency test, p= 0.9203, X2= 0.01 ) showed no
difference among the two datasets. The first set had a LOH frequency of 28 * 10 -5 whereas
the second set had a frequency of 31 * 10-5 (aggregate frequency seen in Table 8). The sample
size of the native POL1 wildtype SGS1 strains for both high and low galactose were too small
for statistical analysis.

Narrowing of the location of repair events and analysis of BIR events to see if mmBIR is
present
We used next-generation whole genome sequencing to analyze a total of 23 red colonies
isolated from the collection of LOH events of sgs1-FD mutants. Among the strains, 19 (D1D19) were from Y945 (sgs1-FD and GAL-POL1) under low galactose conditions, three were
from Y945 under high galactose conditions (B1-B3), and one was from Y944 (SGS1 and
native POL1) under high galactose conditions (A1). Of the 23 strains, 19 were originally
designated as BIR based on SNP analysis, 1 was RCO, 2 were GCs, and 1 was an unknown
repair. After sequencing the genomes of these lines, we analyzed the sequence of
chromosome III using CLC Genomics Workbench to narrow down the repair sites.

47

Using SNP data from CLC Genomics Workbench, we generated coverage and %Y
graphs. The coverage graphs tell us the number of reads a particular SNP has. These reads
can serve as an indicator of areas that may have been used for repair on other chromosomes
or for duplications and deletions within a chromosome. The %Y graph shows the percentage
of reads that correlate to the Y variant of the SNP. The %Y graph tells us where a repair event
starts and ends as well as the ploidy of a particular chromosome. For instance, if the %Y
changes from 50% to 100% at the site of repair, then the strain is a diploid for that
chromosome (one Y copy and one repaired S copy). In contrast, if the %Y changes from 66%
to 100%, then the strain is a triploid for that chromosome (two Y copies and a repaired S
copy).
Overall, coverage and %Y graphs together can help to tell us how chromosomal DSBs
repaired themselves. An example of these two graphs is shown using strain SC2728 (GALPOL1 sgs1-FD strain grown under low galactose) (Figure 19). In the coverage and %Y graphs
for SC2728, we observed that the repair using the Y copy of chromosome III was initiated
between 143,347 and 144,297. No duplications or deletions appeared to be present and the
strain appeared to be a standard diploid that may have been repaired using canonical BIR,
rather than mmBIR to repair its DSB.
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Figure 19. Coverage and %Y graphs for SC2728. The blue line graph shows the %Y over the
entirety of chromosome III. Here, it shows that repair using the Y copy of chromosome III
was initiated between 143,347 and 144,297. The orange graph shows the coverage or put
more simply, the number of reads a particular SNP has.
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We drew mechanisms for each repair event based on the coverage and %Y graphs.
Southern blot results were used in conjunction with these graphs to aid in the drawing of
mechanisms. An example mechanism drawing is presented in Figure 20 using SC2728. T
together, Southern blot results and the next-generation sequencing data were consistent
with SC2728 using repair via BIR; this was consistent with initial SNP testing results.

Figure 20. Mechanism drawing for SC2728. Diagram depicts a BIR event initiating between
143,347 and 144,297 of the S copy of chromosome III and then copying to the end of the Y
copy of chromosome III.
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Figure 21. CHEF gel and Southern results for SC2728. A lambda ladder from New England
Biolabs is present in order to help determine relative sizing of chromosome III. Haploids
AMC 588 and Y942 are present to serve as controls for the S and Y copies of chromosome III.
Since the S copy of chromosome III invaded the Y copy for repair and saw a reduction in
overall size.
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We characterized each BIR event on chromosome III into one of four categories based
on the site of where repair started. Category 1 BIR events were characterized by a repair
event that initiated before FS1. Category 2 BIR events were characterized by a repair event
that initiated at FS1. Category 3 BIR events were initiated at FS2 while category 4 events
were initiated after FS2. These events are described with relative sizing changes in both the
S copy of chromosome III and the Y copy in Table 11.
Many strains, regardless of category, seem to have found the associated homologous
region on the YJM copy of chromosome III where the break occurred on the SGD copy.
Though 5 strains are of note, 3 involved large losses in overall chromosome size while 2
involved large gains in chromosome size (Figure 22). Two strains that lost chromosome size
(D4 & D5) involved the copying of the left arm of chromosome III in repair. D4 was revealed
to have a changed S and Y copy of chromosome III. The S copy appears to have conducted
standard BIR but what is more interesting is the repair on the Y copy. It seems that the S and
Y copies broke at separate points in time with the S breaking first and copying the Y copy.
The Y copy broke about 25 kb upstream of the break on the S. The Y copied the S for about
10 kb before template switching to the left arm of the S where it copied or a short range of a
few thousand base pairs before switching again to the left arm of the itself, copying to the
end of the left arm. By contrast, D5 is much simpler, having only one break on the S copy,
which used the Y copy’s left arm to repair.
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Figure 22. CHEF and Southern blots for red colonies that experienced large losses or gains
in the size of chromosome III. A lambda ladder from New England Biolabs is present in order
to help determine relative sizing of chromosome III. The copies of chromosome III are
presented in colored circles (green for S and red for Y). Haploid strains of closely related
strains were used to show the normal sizing of chromosome III.
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The other strain that experienced large loss of chromosome size was B3, which copied
the left arm of the SGD copy of chromosome V, this was likely done through a delta element.
The two strains that gained large amounts of chromosome size were D14 and D15. D14’s S
copy broke and copied the right arm of the S copy of chromosome X. This event was most
likely facilitated by a delta element. D15’s S copy of chromosome III broke and copied the Y
copy of chromosome IV. Mechanism diagrams and blue and orange graphs for all the strains
that experienced large changes in chromosome size are located in the appendix.
The unknown repair (D16) was revealed to be the result of two repair events. It
involved the S copy breaking and forming an LTGC using the Y copy as a template. The Y copy
broke and performed BIR to the end of the chromosome, copying the S copy. The BIR event
is located about 13 kb downstream of the LTGC. Since there is sufficient distance between
the two events, this suggests that they may have broken at separate times.
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Table 11: LOH BIR Events on the right arm of Chr III. Listed are the relative changes in
chromosome size and category of event. Strain names were based on which treatment and
genotype they were: A represented that the colony was derived from Y944 ( native POL1 and
sgs1-FD) under high galactose treatment, B represented that the colony was derived from
Y945 (GAL-POL1 and sgs1-FD) under high galactose treatment, and D represented that the
colony was derived from Y945 (GAL-POL1 and sgs1-FD) under low galactose treatment.
Strain
Group

Strain Name

Size of Chromosome III Yversion (326.8 kb original)

Relative change in size of smaller
chromosome III as compared to
original S - 342.2 kb

1

A1 (SC2713)

326.8 kb

-13.6 kb

1

B1 (SC2718)

326.8 kb

-8 kb

1

B2 (SC2719)

326.8 kb

-8.3 kb

1

D1 (SC2721)

326.8 kb

-8.6 kb

1

D2 (SC2722)

326.8 kb

-8.2 kb

1

D4 (SC2724)

237.6 kb (-89.2 kb)

-6.6 kb

1

D5 (SC2725)

326.8 kb

-120 kb

1

D6 (SC2726)

326.8 kb

-8.1 kb

1

D8 (SC2728)

326.8 kb

-13.6 kb

1

D11 (SC2731)

326.8 kb

-15.2 kb

1

D12 (SC2732)

326.8 kb

-12.7 kb

1

D18 (SC2739)

326.8 kb

-14.7 kb

1

D19 (SC2740)

326.8 kb

-15.2 kb

2

B3 (SC2720)

326.8 kb

-41 kb

2

D10 (SC2730)

326.8 kb

-14.3 kb

2

D14 (SC2734)

326.8 kb

+77.8 kb

2

D17 (SC2738)

326.8 kb

-15.2 kb

3

D7 (SC2727)

326.8 kb

-6.4 kb

3

D15 (SC2735)

326.8 kb

+357.8 kb

4

D16 (SC2736)

330.8 kb (+4 kb)

-9.8 kb
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Using next generation sequencing analysis via CLC Workbench did not reveal any of
the hallmarks of mmBIR (e.g. gross chromosomal rearrangements, insertions, deletions).
However, D4 is the best looking candidate to investigate. We have not yet finished Sanger
sequencing across repair event junctions to confirm whether any of the events involve
mmBIR.
Presence of LOH events on other chromosomes
During our analysis of next-generation sequencing data, we made note of other LOH events
present within each strain on the left arm of chromosome III and the other chromosomes
(Table 12). We were not able to classify all these events because we did not perform SNP
testing on each of these chromosomes in the white colonies. For example, we would not be
able to distinguish BIR from reciprocal crossovers. We could, however, note the loss of
chromosomes. The presence of these LOH events suggests that there might be fragile sites
located within other chromosomes.
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Table 12. LOH events on other chromosomes and the left arm of chromosome III. Listed are the
chromosome number, strain name, and on which arm the chromosome broke.
Chromosome #

Strain
Name

Location of Event (Break Site) on the Chromosome

1

SC2731

Unknown

2

SC2728

Right arm of Y copy

3

SC2733

Left arm of S copy

4

SC2723
SC2735
SC2738

Right arm of S copy
Left arm of S copy
Left arm of Y copy

5

SC2735
SC2739

Right arm of S copy
Left and right arms of S copy

6

SC2723
SC2724

Unknown (Chromosome loss)
Unknown (Chromosome loss)

7

SC2725

Right arm of S copy

9

D14

Right arm of Y copy

10

SC2727

Left and right arms of Y copy

11

SC2713
SC2723
SC2739

Left arm of S copy
Right arm of S copy
Left arm of S copy

12

SC2723
SC2732
SC2735
SC2738

Right arm of S copy
Right arm of S copy
Right arm of S copy
Right arm of S copy

13

SC2739

Right arm of Y copy

14

SC2722
SC2738

Left arm of Y copy
Left arm of Y copy

15

SC2727
SC2736
SC2740

Right arm of Y copy (deletion of region)
Right arm of S copy
Right arm of Y copy

16

SC2719
SC2726

Right arm of Y copy
Right arm of Y copy

57

Discussion
Reduction of gene conversions and trend of crossover events in repair ratios
Within the canonical BIR DSB-repair pathway, Sgs1p aids in the loading of Rad51p onto the
ssDNA overhang, facilitating homology search in order to find a site to use as a template for
repair. Abolishing this interaction may lead to increased error-prone repair and loss of the
canonical BIR pathway, reducing the total amount of homologous recombination. We
predicted that the relative ratio of homologous recombination to chromosome loss would
decrease in sgs1-FD mutants compared to the wildtype SGS1 strains, but to our surprise, we
witnessed the opposite in low galactose conditions. Upon further investigation, we observed
that there was a significant reduction in the relative amount of gene conversions in sgs1-FD
mutants in low galactose compared to the corresponding wildtype SGS1 strain. This
reduction in gene conversions could be related to Sgs1p’s ability to suppress mitotic
crossover events (20). Though this suppression of crossover events is related to Sgs1p’s
interaction with Top3p (14). With this function inhibited or reduced, reciprocal crossover
events can occur at a much higher frequency, potentially offsetting the number of gene
conversions. The binding interaction of Top3p has been found to be associated with the first
158 amino acids of the N-terminus of Sgs1p (21) whereas the sgs1p-FD mutation is located
at residue 1192. Thus, we hypothesize that the ability of sgs1p-FD to interact with Top3p
may not be affected. However, it might be worthwhile to investigate the interaction of sgs1pFD with Top3p via a pulldown assay to see if this interaction is unaffected.
A higher relative amount of “unknown” repair events were observed in sgs1-FD
mutants, but not significantly. However, the sample size of such events was too small for an
adequate comparison. It is key to mention that the unknown events analyzed were not the
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same under SNP testing. Some may be complex, multi-event repairs or even as a result of
toxic recombination intermediates. Toxic recombination intermediate accumulation during
DNA replication has been proposed to be regulated by Sgs1p (20).
Our results seem to differ from a prior study of sgs1-FD mutants (14) in a few ways.
The prior study showed no difference in the occurrence of crossover and noncrossover
events (14). We did not investigate noncrossover events (e.g. SDSA). Also, we used a GALPOL1 system to facilitate replication stress whereas the other study induced replication
stress using MMS (methyl methanesulfonate) and HU (hydroxyurea). MMS is an alkylating
agent that inhibits DNA polymerase elongation by creating DNA lesions, resulting in
replication fork stalling (22). HU is an agent that slows down DNA replication by inhibiting
ribonucleotide reductase’s activity catalyze the formation of dNTPs, which are essential for
DNA replication (22). Additionally, their means of assessment were different. We utilized
SNP testing to determine repair events whereas they used a gap repair assay. The other study
also did not conduct their test in a fragile site system. Differences in the experimental
systems used and analyses conducted may explain the observed differences between the two
studies.

Concerns regarding higher frequency of LOH events in sgs1-FD mutant cells
We hypothesized that the frequency of homologous recombination would decrease in sgs1FD mutant cells compared to wildtype SGS1 cells. We observed the opposite of this, with sgs1FD mutants showing a higher frequency of homologous recombination and a lower
frequency of chromosome loss compared to wildtype SGS1. However, the validity of these
results is questionable since the two datasets used for the wildtype SGS1 strain under low
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galactose conditions were significantly different from each other. These datasets are
different from sgs1-FD mutants in different ways too. This is odd given the fact that the two
datasets of samples used were grown in the exact same media only days apart. Further trials
to differentiate which dataset of samples is closer to the true value must be conducted before
frequency conclusions can be made. Though it is entirely possible that neither is true.

No detectable increase of mmBIR in sgs1-FD mutant cells
We expected that sgs1-FD mutants to have a higher prevalence of mmBIR than canonical BIR.
Since mmBIR is typically extremely rare, this would represent a large increase in its use. We
thought this would be the case because of the role of Sgs1p in aiding loading of Rad51p onto
the ssDNA overhang that is used for homology search in canonical BIR. We were not able to
detect an increase in mmBIR. Based on the samples surveyed so far, we can say that mmBIR
was not more prevalent canonical BIR. It is key to note that at the time of writing this, not all
repair junctions have been analyzed via Sanger sequencing. That does not necessarily mean
that the frequency of mmBIR did not increase. The change could have been too small for us
to detect with our sample size. SGS1 deletions, by contrast, have been documented to lead to
increased sensitivity to DNA damaging agents and to have repair characteristics of mmBIR
(gross chromosomal rearrangements and increased recombination rates between modestly
divergent DNA sequences) (20).

Potential of other fragile sites in the genome of S and Y strains
Our discovery of other LOH events outside of chromosome III suggest that there may be
other fragile sites within the genomes of our S and Y strains. These sites varied within each
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chromosome but that may be as a result of differing resection lengths. Fragile sites can be
based on inverted elements that can form secondary structure during DNA replication. An
unresolved question is how far apart these elements have to be in order for them to be
fragile. For small Alu elements the spacing between the inverted elements at Alu fragile sites
has been noted to be less than 100 bp apart (23). For inverted Ty elements, the spacing has
been noted to be as big as 21 kb (24). Another factor in determining fragility of inverted
elements is the amount of similarity between the two elements. This amount of similarity
impacts the amount of spacing needed to be fragile. For instance, inverted Alu elements that
are 86% similar require 20 bp or less spacing in order for the site to be fragile (23). The
relationship between similarity and spacing for inverted Ty elements has not been well
studied.
Though given the current knowledge on spacing in fragile sites, we can potentially
predict the location of fragile sites in our strains. Our best predictions of fragile sites in the S
strain are based on the distantly related strain S288C, the SGD database strain. The best
candidate for a fragile site based on the S288C genome is on chromosome XVI based on
spacing and similarity between the two inverted Ty elements. The Y strain is based on
YJM789, which has not been fully characterized. As such, it is difficult to search for Ty
elements for YJM789. If more fragile sites can be identified, then sample sizes of LOH events
at fragile sites can increase. More testing needs to be done to find possible fragile sites within
our strains and within the database strains.
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Future direction - Rad51 knockout and inhibitors
A proposed method to increase the amount of mmBIR is to knock out Rad51 (5). Deletions of
Rad51 can lead to translocations and initiation of repair at delta elements and Ty elements
in particular (25). A drawback is that these knockout yeast strains have been shown to have
defects in sporulation and meiosis as a result (26). In order to avoid this, it might be better
to utilize a chemical inhibitor of Rad51p. Though to suit the purposes of increasing mmBIR,
it would be best to target the ssDNA binding capability of Rad51p. One such inhibitor is RI1, which has been found to be capable of binding to and inhibiting both human Rad51p’s
ability to bind ssDNA as well as in yeast (27). Though toxicity and its effect on viability is also
a concern.

Further direction - other mutants
Other mutants could be used in conjunction with sgs1-FD to understand more about Sgs1p’s
role in the repair of double-strand breaks at common fragile sites. Such candidates include
SRS2, EXO1, and POL32. Srs2p has an anti-recombinase activity like Sgs1p and seems to be
redundant in some of its functions (28). So, it might be worthwhile to test a double mutant
of sgs1-FD with srs2 to see if Srs2p can also load Rad51p onto the ssDNA overhang. A prior
study on sgs1-FD and srs2 showed a nonsignificant increase in gross chromosomal
rearrangements compared to the wildtype (SGS1 and srs2) (14). However, this may be due
to an outlier, given their large error bars on the wildtype (SGS1 and srs2). Retesting this
double mutant would either support what the previous study found or refute it. Either way
would help to clarify Srs2p’s interaction with Rad51p.
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EXO1p aids in extensive resection of DNA at double-strand breaks. Mutating EXO1p
might lead to the reduction of the size of the ssDNA overhang, limiting its ability to search
for longer ranges of homology. It may be wise to see how impaired resection by EXO1p in the
presence of sgs1p-FD would affect repair frequencies of double-strand breaks. POL32p is a
catalytic subunit of the polymerase delta. As such, it is required for both lagging and leading
strands during DNA synthesis. Both mmBIR and BIR require POL32p (5). Perhaps
overexpression of POL32 may increase the ratio of homologous recombination vs
chromosome loss. Many mutants exist that can be screened in conjunction with the sgs1-FD
mutation. Exploring these mutants and others will allow for more in-depth knowledge of
SGS1.
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Appendix

Figure S1. Coverage and %Y graphs for D4 (SC2724). The blue line graph shows the %Y over

the entirety of chromosome III. Both the S and the Y alleles broke and repaired at different
sites. The orange graph shows the coverage or put more simply, the number of reads a
particular SNP has. Coverage numbers on regions where the coverage graph reads zero were
based on mapping within CLC Genomics Workbench. Asterisk means that the area is within
a repetitive region, so coverage is difficult to measure.

B

Figure S2. Mechanism drawing for repair of the S copy of chromosome III for D4 (SC2724).
Diagram depicts a BIR event initiating between 158,378 and 158,956 of the S copy of
chromosome III and then copying to the end of the Y copy of chromosome III.

C

Figure S3. An abbreviated mechanism drawing for repair of the Y copy of chromosome III
for D4 (SC2724). Diagram depicts a BIR event initiating between 133,715 and 136,159 of the
Y copy of chromosome III and then copying the S copy of chromosome III till around 143,000
before disengaging. After disengagement, the broken Y III invaded the left arm of the S copy
and begins copying between 94,465 and 92,106. The broken Y III disengaged from the left
arm of S III and began copying the left arm of itself between 83,080 and 82,632. This repair
junction was cleaved and the left arm is translocated onto the right arm of the Y III, resulting
in a one-ended DSB on the left arm. After resection, the broken left arm used the translocated
left arm as a template. After repair was completed, the repaired Y III saw a reduction in size.
This particular repair event may be due to mmBIR, however, the nature of the repair
junctions in this strain have not been evaluated by Sanger sequencing as of writing this
thesis.
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Figure S4. Coverage and %Y graphs for D5 (SC2725). The blue line graph shows the %Y over
the entirety of chromosome III. Here, it shows that repair using the left arm of Y copy of
chromosome III was initiated between 124,050 and 124,665. The Y allele was copied
beginning from in between 83,080 and 82,632 to the end of the left arm. The orange graph
shows the number of reads a particular SNP has.
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Figure S5. Mechanism drawing for repair of the S copy of chromosome III for D5 (SC2725).
Diagram depicts a BIR event initiating between 124,050 and 124,665 on the S copy. The S
copy then invaded and copied of the left arm of the Y copy of chromosome III, starting
between 83,080 and 82,632. The S copy of chromosome III copied to the end of the Y copy of
chromosome III.
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Figure S6. Chromosome III coverage and %Y graphs for B3 (SC2720). The blue line graph
shows the %Y over the entirety of chromosome III. The orange graph shows the number of
reads a particular SNP has. Here, it shows the S copy used another chromosome to repair (1X
coverage after repair site). The repair event was initiated between 148,618 and 152,546.
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Figure S7. Chromosome V coverage and %Y graphs for B3 (SC2720). The blue line graph
shows the %Y over the part of chromosome V. The orange graph shows the number of reads
a particular SNP has. Here, it shows that the left arm of the S copy was used as a template for
repair (3X coverage) by another chromosome. The repair event was initiated between
136,262 and 135,342.
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Figure S8. Mechanism drawing for repair of the S copy of chromosome III for B3 (SC2720).
Diagram depicts a BIR event initiating between 148,618 and 152,546 on the S copy of
chromosome III. The S copy then invaded and copied of the left arm of the S copy of
chromosome V, starting between 136,262 and 135,342. The S copy of chromosome III copied
to the end of the S copy of chromosome V.
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Figure S9. Chromosome III coverage and %Y graphs for D14 (SC2734). The blue line graph
shows the %Y over the entirety of chromosome III. The orange graph shows the number of
reads a particular SNP has. Here, it shows the S copy used another chromosome to repair (1X
coverage after repair site). The repair event was initiated between 148,618 and 152,546.
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Figure S10. Chromosome X coverage and %Y graphs for D14 (SC2734). The blue line graph
shows the %Y over the part of chromosome X. The orange graph shows the number of reads
a particular SNP has. Here, it shows that the right arm of the S copy was used as a template
for repair (3X coverage) by another chromosome. The repair event was initiated between
472,296 and 484,073.
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Figure S11. Mechanism drawing for repair of the S copy of chromosome III for D14
(SC2734). Diagram depicts a BIR event initiating between 148,115 and 152,546 on the S copy
of chromosome III. The S copy then invaded and copied of the right arm of the S copy of
chromosome X, starting between 136,262 and 135,342. The S copy of chromosome III copied
to the end of the S copy of chromosome V.
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Figure S12. Chromosome III coverage and %Y graphs for D15 (SC2735). The blue line graph
shows the %Y over the entirety of chromosome III. The orange graph shows the number of
reads a particular SNP has. Here, it shows the S copy used another chromosome to repair (1X
coverage after repair site). The repair event was initiated between 165,034 and 181,211.
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Figure S13. Chromosome IV coverage and %Y graphs for D15 (SC2735). The blue line graph
shows the %Y over the part of chromosome IV. The orange graph shows the number of reads
a particular SNP has. Here, it shows that the right arm of the Y copy was used as a template
for repair (change in %Y from 50% to 66%) by another chromosome. The repair event was
initiated between 485,723 and 491,170. Coverage readings are a little wonky though.
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Figure S14. Mechanism drawing for repair of the S copy of chromosome III for D15
(SC2735). Diagram depicts a BIR event initiating between 165,034 and 181,211 on the S copy
of chromosome III. The S copy then invaded and copied of the right arm of the Y copy of
chromosome IV, starting between 485,723 and 491,170. The S copy of chromosome III
copied to the end of the S copy of chromosome IV.

